Benzodiazepines are psychoactive drugs with anxiolytic, sedative, skeletal muscle relaxant and amnestic properties. Recently triazolo-benzodiazepines have been also described as potent and highly selective protein interaction inhibitors of bromodomain and extra-terminal (BET) proteins, a family of transcriptional co-regulators that play a key role in cancer cell survival and proliferation, but the requirements for high affinity interaction of this compound class with bromodomains has not been described. Here we provide insight into the structure-activity relationship (SAR) and selectivity of this versatile scaffold. In addition, using high resolution crystal structures we compared the binding mode of a series of benzodiazepine (BzD) and related triazolo-benzotriazepines (BzT) derivatives including clinically approved drugs such as alprazolam and midazolam. Our analysis revealed the importance of the 1-methyl triazolo ring system for BET binding and suggests modifications for the development of further high affinity bromodomain inhibitors.
Introduction
Benzodiazepines (BzDs) are drug-like small molecules that led to the development of a large number of approved drugs that modulate the function of the GABA (gamma-aminobutyric acid) receptor. BzDs have generally sedative, anxiolytic, amnesic and muscle relaxing properties and have been approved for the treatment of sleeping disorders, seizures, muscle spasms and anxiety. ]benzodiazepine-1-carboxylate) was the first subtype-selective inverse agonist at the BzD binding site that has been discovered. This BzD binds preferentially to the a5 subtype of the GABA A receptor. 4 The high interest in this compound class in medicinal chemistry and medicine made many BzD analogues synthetically accessible and established a rich body of literature on their pharmacological properties. [5] [6] [7] A variety of biological activities and synthetic routes have also been established for the related benzotriazepines (BzT). 8 Recently, we and others described BzDs as potent protein interaction inhibitors that selectively bind to acetyl lysine (Kac) recognition modules of the BET (bromodomain and extra-terminal) family of transcriptional co-regulators. [9] [10] [11] Importantly, the discovered inhibitor JQ1 has no significant GABA receptor activity most likely due to its bulky substitution at the 2 position of the benzodiazepine ring system. 9 Bromodomains constitute a highly diverse family of interaction domains that comprise 61 members in humans. All bromodomains share a conserved fold that comprises a left-handed bundle of four alpha helices (aZ, aA, aB, aC) linked by diverse loop regions (ZA and BC loops) that flank the substrate binding site. The helical bromodomain bundle creates a deep central hydrophobic cavity that specifically recognizes sequences that contain e-N-acetylated lysine residues. 12 Several crystal structures with peptidic substrates revealed a common anchor point that recognizes the acetyl moiety: In all bromodomain substrate complexes a conserved asparagine residue forms a hydrogen bond with the carbonyl oxygen of the N-acetyl group of the substrate peptide providing a starting point for the design of acetyl lysine mimetic and competitive ligands. 13 Even though it has not been demonstrated structurally, in some bromodomains the asparagine is substituted by a threonine or tyrosine residue providing an alternative hydrogen donor to the acetyl lysine carbonyl. Bromodomain-containing proteins are reader domains of epigenetic marks that play key roles in transcription control and chromatin remodeling.
14 In histones, e-N-acetylation of lysine residues has been associated with open chromatin architecture and transcriptional activation and the recent discovery of selective and potent BzD inhibitors suggested that these protein interaction modules can be efficiently targeted by drug-like molecules. [9] [10] [11] The therapeutic potential of bromodomains has recently been reviewed. 15 The BET family of bromodomain containing proteins is represented by four proteins that express several splice isoforms in mammals (BRD2, BRD3, BRD4 and BRDT). Proteins of this family share a common domain architecture that comprises two N-terminal bromodomains and an ET (extra terminal) domain but each family member contains diverse C-termini. 16 The discovery of the selective BET inhibitor iBET 11 provided compelling evidence for targeting BET bromodomains in inflammatory diseases and reports have linked BET proteins to cancer. Both BRD2 and BRD3 are overexpressed in nasopharyngeal carcinoma 17 and high expression levels for the testis specific isoform BRDT have been detected in lung cancer. 18 In addition, BRD4 recruits the positive transcription elongation factor complex (P-TEFb) to transcriptional start sites, a key regulatory event controlling transcriptional elongation of many growth promoting genes. 19, 20 Modulation of P-TEFb activity developed into a promising strategy for the treatment of chronic lymphocytic leukemia-a core component of the P-TEFb complex is cyclin dependent kinase-9 (CDK9) which has been successfully targeted by the ATP competitive inhibitor flavopiridol. 21, 22 Indeed a recent RNAi screen has identified BRD4 as a key target required for the survival and maintenance of acute myeloid leukemia (AML) cells. 23 Importantly, the bromodomains of both BRD3 and BRD4 have been identified in recurrent chromosomal translocations with NUT (Nuclear protein in testis), giving rise to an extremely aggressive untreatable subtype of squamous carcinoma termed NUT midline carcinoma (NMC). [24] [25] [26] The recent development of the potent and selective inhibitor JQ1 and its evaluation in mouse models of patient derived cancer cells provided a compelling case for targeting BET bromodomains in NMC. 9 Here we describe the structural requirements for high affinity interactions of BzDs and BzTs with BET bromodomains and discuss an initial SAR (structure-activity relationship) for these compound classes. We discovered that the clinically approved BzDs alprazolam and midazolam bound with low lM affinities to BET bromodomain and determined several high resolution co-crystal structures to further guide structure based design efforts. In addition, the BzTs are presented as an alternative versatile scaffold that specifically binds with nM potency to the acetyl lysine binding site of BET bromodomains.
Results and discussion
The recent disclosure of the triazolo-benzodiazepine iBET as a bromodomain inhibitor 11 prompted us to investigate the interaction of a number of clinically approved BzDs with these protein interaction modules (Fig. 1) . The temperature shift binding assay has emerged as a rapid screening technology for detection of protein ligands and has been shown to correlate well with binding constants determined by direct biophysical methods such as isothermal titration calorimetry and enzymatic assays. 9, 27 Using this methodology we identified alprazolam and surprisingly midazolam as compounds that interact with BET bromodomains ( Fig. 2A) . Selectivity screening against the BET family of bromodomains and five diverse bromodomains that belong to different families that constitute the bromodomain phylogenetic tree revealed that both alprazolam and midazolam maintained their selectivity for BET BRDs. The array of T m data also suggested a slight preference of midazolam for the second bromodomain of BET family members ( Fig. 2A and B) . In contrast, the related BzDs estazolam showed no significant interaction with BET bromodomains. To obtain better insight into the SAR of this compound class we initiated a synthetic effort on the benzodiazepine scaffold. For studying the role of the 6-aryl substitutent in alprazolam, 6-ethyl analogues were prepared, furthermore we modified the substituents in the triazolo ring (C-1) and investigated related triazolo-benzotriazepines (BzTs) in which the chiral carbon atom present in JQ1, iBET and related compounds has been replaced by nitrogen. This greatly simplifies synthesis by abolishing the need for a stereoselective route or separation of enantiomers.
Chemical synthesis
The 6-ethyl-triazolobenzodiazepines were prepared starting from known 28 benzodiazepinone 1 (Scheme 1). Conversion of 1 to the thiolactam 2 could not be accomplished under standard conditions 29 (P 2 S 5 in pyridine or other high boiling solvents), but was successfully realized by using Lawesson's reagent in anhydrous THF under nitrogen atmosphere. Target compounds 4a-e were obtained by condensation of thiolactam 2 with carboxylic acid hydrazides 3a-e. Residual hydrazides 3a-e were found to be poorly separable from the products 4a-e by column chromatography. This problem was solved by converting the hydrazides into water-soluble condensation products upon stirring with glucose solution prior to extraction with an organic solvent. The triazolo-benzotriazepines were prepared according to published procedures 8a (Scheme 2).
As expected the (thio)lactams BzD-2 and BzD-3 showed no significant interaction with bromodomains confirming the importance of the triazolo ring system. This observation has been also confirmed with the BzT intermediates Bz-T2 and Bz-T4. The binding pocket of BET BRDs harbors a number of conserved water molecules. With the BzD series we explored the possibility of displacing these waters by ligand atoms employing larger substituents than the methyl group at the triazolo ring that would protrude deeper into the acetyl lysine pocket. However, all bulkier groups resulted in T m shifts not larger than 2°at high (100 lM) compound concentration indicating very weak interaction with BET bromodomains. In support of this observation also the 6-ethyl analogue BzD-5 of alprazolam showed strongly reduced binding activity. Even though the methyl substituent was not extensively tested in the BzT series it appeared to be optimal. Substitution of the methyl moiety (BzT-7) with a primary amine (BzT-8) led to significantly weaker interactions and a carbonyl group at this position (BzT-9) abolished interaction with all screened bromodomains (Fig. 2) . The open-chain synthetic precursor BzT-4 of BzT-9 showed only very poor activity.
We used isothermal titration calorimetry (ITC) to precisely determine the binding constants of alprazolam and the best hit of the BzT series (BzT-7) in solution. Titration of the first bromodomain of BRD4 (BRD4(1)) into alprazolam resulted in large exothermic binding heats (DH: À6.96 kcal/mol). We determined a dissociation constant (K D ) of 2.5 lM for this interaction (Fig. 2C) .
Comparison with ITC data that have been collected on JQ1 indicated that the loss of the tertiary butyl ester at position 2 in the diazepam ring leads to a significant reduction of binding affinity probably due to the loss of a second hydrogen bond to the acetyl lysine anchoring residue N140. ITC titrations carried out on BzT-7 revealed a binding constant of 0.64 lM indicating an excellent ligand efficacy of this compound. The thermodynamic data are compiled in Table 1 .
Binding mode of tested BzDs and BzTs
In order to obtain structural insight into the binding mode of clinically approved BzDs we determined the co-crystal structures of the first bromodomain of BRD4 with alprazolam and midazolam and compared them to structures of related ligands as well as the apo-structure. As expected, the co-crystal structures revealed the canonical alpha helical fold that is typical for bromodomains (Fig. 3A) . Comparison with the apo-structure (PDB-ID: 2oss) 9 revealed only minor backbone re-arrangements. However, in some cases different conformation of side chains were observed. In particular I146 assumed a different rotamer conformation compared to the apo-structure (Fig. 3B) . In apo-BRD4(1) four structural water molecules were observed in the acetyl lysine cavity which were coordinated either directly or indirectly (through interaction with directly bound water molecules) by the conserved tyrosine residue Y97. In all BzD and BzT complexes the inhibitors assumed similar binding modes with good shape complementarity with the BRD4(1) acetyl lysine binding site. All structures were refined to high resolution with low R/R free -values ( Table 2 ). The ligands were well defined by electron density (Fig. 3C-E) . The water network observed in apo-BRD4(1) was slightly rearranged in structures that bound the triazolo-benzodiazepine ring system (Fig. 4) . The missing second hydrogen bond to N140 in the alprazolam complex results most likely in the lower affinity of this ligand compared to iBET (Fig. 4B ). The complex with midazolam (Fig. 4C) revealed the influence of the lack of the nitrogen in position 3 of the ring system (annulated imidazole instead of 1,2,4-triazole). The inability of midazolam to form a hydrogen bond with the acetyl lysine anchoring residue N140 leads to an outward shift of this inhibitor. In addition, 2 of the 4 structural water molecules are not present in the midazolam complex. The 2-fluorophenyl ring system is rotated by about 30°. This is most likely a consequence of the fluoro substitution that requires reorientation of this aromatic ring system. Larger halogens in that position will rotate the ring further explaining the observed inactivity of triazolam that contains a 2-chlorophenyl moiety.
Triazolo-benzotriazepines were discovered as a new versatile scaffold with strong BRD4 binding affinity. 9 Titrations were carried out in 50 mM HEPES pH 7.4 (at 25°C), 150 mM NaCl and 15°C while stirring at 295 rpm. In all cases the protein was titrated into the ligand solution (reverse titration).
BzT-7 was found to be reminiscent of the related BzD alprazolam with identical conservation of the four water molecules (Fig. 4D) .
Conclusions
Here we describe structural requirements for the development of benzodiazepines and benzotriazepines as protein interaction inhibitors targeting bromodomains of the BET family. We found that the clinical inhibitor alprazolam binds with low lM affinity to the acetyl lysine binding site of BRD4 (1) . The co-crystal structure with BRD4 (1) showed that the triazolo ring acts as an acetyl lysine mimetic scaffold forming a hydrogen bond with the conserved residue N140 that acts as a hydrogen bond anchor point for acetylated substrates in most bromodomains. Surprisingly, also midazolam, that lacks the hydrogen bond forming nitrogen in the triazolo ring bound to BRD4(1). The binding mode of this BzD is characterized by a reorientation of midazolam in the acetyl lysine binding pocket and in an altered network of structural water molecules. However, FDA-approved sedatives inhibit BRD4 at high concentrations making it unlikely that this activity will cause side effects due to inhibition of BRD4 mediated transcription control during therapy. This unexpected binding mode may be explored for the development of more potent inhibitors. A small expansion of the triazolobezodiazepine scaffold and comparison with estazolam underline the importance of the 3-methyl group in the triazolo ring system. Furthermore, we report compounds of the triazolo-benzotriazepine class as submicromolar inhibitors of BET bromodomains with similar binding mode as BzD and excellent ligand efficiency.
Experimental
Alprazolam, estazolam, midazolam, L-655,708 and triazolam were purchased from Sigma.
General Analysis of chemical compounds:
Melting points were determined on a Büchi Melting Point B-540 apparatus and are uncorrected. NMR spectra were recorded on a Jeol GSX 400 ( 1 H NMR: 400 MHz, 13 C NMR: 100 MHz) and a Jeol JNMR-GX 500 ( 1 H NMR: 500 MHz, 13 C NMR: 125 MHz) spectrometer, respectively.
Chemical shifts are reported in d (ppm) units relative to the internal standard tetramethylsilane (TMS). Infrared spectroscopy was 
General procedure for the preparation of triazolobenzodiazepines 4a-e
Thiolactam 2 (1.0 equiv) and carboxylic acid hydrazide 3a-e (2.0 equiv) were dissolved in n-butanol and heated to 130°C in a sealed vial under nitrogen atmosphere for 24 h. The reaction mixture was cooled to room temperature and stirred with an aqueous glucose solution for 2 h. The crude product was extracted several times with dichloromethane. The combined organic layers were washed with water, dried over sodium sulfate, filtered and evaporated. Purification was done by flash column chromatography (dichloromethane/methanol, 9:1), giving the triazolo-benzodiazepines 4a-e in 17-67% yield. The NMR spectra of all synthesized compounds are shown in the Supplementary data of this manuscript.
Protein stability shift assay
Thermal melting experiments were carried out using an Mx3005p Real Time PCR machine (Stratagene). Proteins were buffered in 10 mM HEPES pH 7.5, 500 mM NaCl and assayed in a 96-well plate at a final concentration of 2 lM in 20 lL volume. Compounds were added at a final concentration of 10 lM or 100 lM in order to probe weaker interactions. SYPRO Orange (Molecular Probes) was added as a fluorescence probe at a dilution of 1:1000. Excitation and emission filters for the SYPRO-Orange dye were set to 465 nm and 590 nm, respectively. The temperature was raised with a step of 3°C per minute from 25 to 96°C and fluorescence readings were taken at each interval. The temperature dependence of the fluorescence during the protein denaturation process was approximated by the equation
where DuG(T) is the difference in unfolding free energy between the folded and unfolded state, R is the gas constant and y F and y U are the fluorescence intensity of the probe in the presence of completely folded and unfolded protein respectively. The baselines of the denatured and native states were approximated by a linear fit. The observed temperature shifts, DT obs m , were recorded as the difference between the transition midpoints of sample and reference wells containing protein without ligand in the same plate and determined by non-linear least squares fit.
Isothermal titration calorimetry
Experiments were carried out on a VP-ITC titration microcalorimeter from MicroCal™, LLC (Northampton, MA). All experiments were carried out at 15°C while stirring at 295 rpm, in ITC buffer (50 mM HEPES pH 7.4 at 25°C, 150 mM NaCl). The microsyringe was loaded with a solution of the protein sample (150 lM BRD4(1) in ITC buffer). All titrations were conducted using an initial control injection of 2 lL followed by 34 identical injections of 8 lL with a duration of 16 s (per injection) and a spacing of 250 s between injections. The heat of dilution was determined by independent titrations (protein into buffer) and was subtracted from the experimental data. The collected data were evaluated using a single binding site model and the MicroCal™ Origin software. Thermodynamic parameters were calculated (DG = DHÀ TDS = ÀRTlnK B , where DG, DH and DS are the changes in free energy, enthalpy and entropy of binding respectively).
Protein expression and purification
Proteins were cloned, expressed and purified as previously described. 9 
Crystallization
Aliquots of the purified proteins were set up for crystallization using a mosquito™ crystallization robot (TTP Labtech, Royston UK). Coarse screens were typically setup onto Greiner 3-well plates using three different drop ratios of precipitant to protein per condition (100 + 50 nL, 75 + 75 nL and 50 + 100 nL). Initial hits were optimized further scaling up the drop sizes. All crystallizations were carried out using the sitting drop vapor diffusion method at 4°C. BRD4(1) crystals with alprazolam were grown by mixing 200 nL of the protein (9.5 mg/mL and 5 mM final ligand concentration) with 100 nL of reservoir solution containing 0.20 M sodium sulfate, 0.1 M BT-Propane pH 6.5, 20% PEG3350 and 10% ethylene glycol. BRD4(1) crystals with midazolam were grown by mixing 200 nL of protein (9.36 mg/mL and 5 mM final ligand concentration) with 100 nL of reservoir solution containing 0.1 M magnesium chloride, 0.1 M MES pH 6.5, 15% PEG6000 and 10% ethylene glycol. BRD4(1) crystals with BzT-7 were grown by mixing 200 nL of protein (9 mg/mL and 5 mM final ligand concentration) with 200 nL of reservoir solution containing 0.1 M MES pH 6.5, 10% PEG3350 and 10% ethylene glycol. In all cases diffraction quality crystals grew within a few days.
Data collection and structure solution
All crystals were cryo-protected using the well solution supplemented with additional ethylene glycol and were flash frozen in liquid nitrogen. Data were collected in-house on a Rigaku FRE rotating anode system equipped with a RAXIS-IV detector (alprazolam and midazolam complexes) or at the Diamond beamline I04.1 (BzT-7 complex). Indexing and integration was carried out using MOSFLM 30 and scaling was performed with SCALA 31 or XDS. 32 Initial phases were calculated by molecular replacement with PHA-SER 33 using the known models of BRD4(1) (PDB ID 2OSS). Initial models were built by ARP/wARP 34 followed by manual building in COOT. 35 Refinement was carried out in REFMAC5. 36 In all cases thermal motions were analyzed using TLSMD 37 and hydrogen atoms were included in late refinement cycles. Data collection and refinement statistics can be compiled in Table 2 . The models and structure factors have been deposited with PDB accession codes: 3U5J (BRD4(1)/alprazolam), 3U5K (BRD4(1)/midazolam), 3U5L (BRD4(1)/BzT-7), respectively.
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